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In comparison to other transport properties, the thermal transport properties of 
solid materials remain the least understood. Due to increasing complexity in the structure 
of new classes of materials (e.g. nanopores) and increasing importance of thermal 
transport phenomena in many technological applications based upon these materials, it is 
critical to understand thermal transport mechanisms in these materials, and their 
dependence on the material structure. There are both experimental difficulties as well as 
theoretical challenges in measuring and describing thermal transport in complex 
materials.  This thesis focuses on the thermal transport properties of zeolite materials due 
to their well defined, yet complex, crystal structures. The capability of altering the 
composition of a given zeolite (e.g. by lattice atom substitution or by introducing metal 
cations and organic molecules into the pores) while maintaining the same framework 
structure, or conversely the ability to synthesize different framework structures with the 
same composition, make zeolites extraordinarily versatile materials with interesting 
structure–function relationships as well as many important applications. This thesis 
focuses on two types of zeolite materials, MFI and LTA. The zeolite MFI was used as 
model to examine thermal transport mechanisms in zeolite and to study the effects of 
framework atoms substitution on the thermal conductivity. On the other hand, the effects 
of non-framework cations on thermal conductivity were studied using LTA zeolite.  
 
This work focused on developing reliable experimental approaches to obtain the 
thermal transport properties of both MFI and LTA, and also on understanding heat 
 xvi 
transport mechanisms both quantitatively and qualitatively. To achieve the overall 
objectives, this thesis consists of the following aspects:  
 
(I) Hydrothermal synthesis (by the “secondary growth” method) of well-intergrown 
and preferentially oriented zeolite films with various Si/Al ratios (MFI) and non-
framework cations (LTA). The films were characterized using Scanning Electron 
Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), X-ray 
Diffraction (XRD) to investigate the morphology, composition and orientation of 
the film. A series of sample preparation steps including sample polishing and 
surface roughness measurement using atomic force microscopy are presented in 
order to obtain reliable thermal conductivity measurements. 
  
(II) Investigation of the effects of framework cations on thermal transport properties. 
Here, we measure the thermal conductivity of a series of MFI zeolite films with 
various Si/Al ratios using a 3-omega method. The phonon transport mechanisms 
were then analyzed using a Boltzmann Transport Equation (BTE), and the 
relaxation times for different scattering processes were fitted to the experiment data. 
  
(III) Investigation of the effects of non-framework cations on thermal transport 
properties. Here, we measure the thermal conductivity of a series of LTA zeolite. 
Synthesis of LTA zeolite films via secondary hydrothermal method is presented. 
The effects of cation size and valency on thermal conductivity were investigated.  
 
 xvii 
(IV) The thermal conductivity can also be studied via molecular dynamics simulation. A 
non equilibrium molecular dynamics simulation was constructed to investigate the 
thermal conductivity of zeolite materials. Even though, this method can predict the 
thermal conductivity of simple Lennard Jones solid, the effects of temperature on 
the thermal conductivity of zeolite materials cannot be predicted accurately. The 
incorporation of quantum effects in the MD simulation is necessary.  
 
This thesis has therefore addressed several of the fundamental challenges in 
correlating the structure–thermal transport properties of complex crystalline zeolite 
materials. By demonstrating the requisite experimental techniques for reliable thermal 
property measurements, then investigating the effects of both the framework and non-
framework cations on the thermal conductivity of zeolite, and by separately analyzing the 
contributions of different phonon scattering processes, this thesis represents our progress 
towards a robust framework for understanding and predicting thermal transport properties 
of zeolite materials and complex crystals in general. Furthermore, the important roles of 
boundary and defect scattering, as illustrated in this thesis, also imply that the thermal 
conductivity of zeolite materials can be tuned by exploiting not only the composition but 








1.1 Motivation  
 One of the major challenges in nanoscience and nanotechnology is the 
development of accurate structure-property relationships of nanostructured materials [1]. 
Transport properties (e.g., mass, electrical, thermal) of nanostructured materials 
constitute a technologically important class of functional properties, that are of relevance 
in the engineering of devices and systems that employ nanostructured materials. Thermal 
transport properties of nanostructured materials have remained the least well-understood 
among all transport properties. The interest in thermal transport properties of materials 
was initially catalyzed by the thermal management challenges occurring in the operation 
of integrated circuits for microelectronics applications [2]. For example, the shrinkage of 
field-effect-transistors (FETs) and interconnects to a sub-100 nm regime will pose serious 
difficulties of higher electrical resistance and hence higher heat generation, which make 
the development of new cooling methods necessary [3]. Efficient heat transfer is also a 
serious issue in the development of new dielectric materials used for packaging electronic 
devices. On the other hand, the development of ultra-low thermal conductivity materials 
is also of important in the development of heat-insulating materials for a variety of 
applications, such as for jet engines. The high thermal conductivity materials are used as 
heat sinks, and heat dissipation is achieved by an increase in the phonon velocity. In 
contrast, the ultra-low thermal conductivity materials, which can be constructed by 
introducing point defects or interfaces (created by fabricating multilayer of thin films) 
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[2], are often used for power generation systems, thermal barrier coatings for jet engines 
and thermoelectric refrigeration. Figure 1 shows a schematic of range of thermal 
transport properties of various nanostructured materials.  
 
Figure 1: Schematic of approaches to expand the limits of thermal transport properties 
[2] 
 
In nonmetallic materials, heat is transported by the atomic vibrations of the crystal 
lattice (i.e., phonons). At room temperature, the phonon mean free path is in the range of 
~1-100 nm, which is comparable to the size of the nanostructuring features. Thus, the 
thermal transport properties can be manipulated by engineering the structure of the 
material.  As a result, increasing structural and dynamical complexity is a major 
characteristic of materials whose thermal properties are of technological relevance, 
including (a) porous nanostructured materials for low-k dielectric films, adsorption-
thermoelectric cooling of electronic devices and for energy-efficient refrigeration or heat 
recovery; (b) organic photonic materials for light-emitting devices and solar cells; and (c) 
compound semiconductors for novel solid state lighting devices. However, current 
experimental and theoretical knowledge of the thermal properties of these intriguing 
complex materials is inadequate. Thermophysical models widely used for simpler 
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materials fail in the case of these complex materials, due to the existence of unusual 
structural characteristics (e.g., ordered nanopores, host-guest architectures, and mix 
compositions) that lead to complicated phonon propagation and scattering processes.  
 
 The primary goal of this research has been to provide a better characterization and 
understanding of thermal transport properties of nanostructured materials, particularly 
those having ordered nanoporous structures and host-guest architectures.  We have 
chosen zeolite materials as a model to understand the thermal transport behavior of 
complex nanostructured materials. A zeolite is defined as a crystalline aluminosilicate 
with a framework structure composed of tetrahedral SiO4 and AlO4 units. Zeolite 
materials incorporate highly periodic pores, channels and cavities that can  occupied by 
metal ions, organic molecules, or water molecules [4]. Zeolite materials are found 
naturally as minerals. However, most technologically useful zeolites are synthetic.  There 
are approximately 135 different natural and synthetic zeolite frameworks with different 
pore/channel structures and hence different thermal properties. Furthermore, it is possible 
to tune the thermal transport properties of zeolite materials by altering or tuning the 
composition of the crystal framework or extra-framework species while retaining the 
material structure (and vice versa). The composition of zeolite materials can be varied in 
a pre-determined manner by a variety of techniques. For example, (i) zeolite materials 
can be synthesized with a wide range of Si/Al ratios, (ii)  the metal ions (e.g., Na+, K+, 
Ca2+) are included in the nanopores can be chemically exchanged, (iii) organic species or 
water molecules can be adsorbed in the pores at well-defined adsorption sites. This 
tunability may lead to several possibilities for engineering the thermal transport 
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properties, e.g. by using the “rattling” motions of metal ions or adsorbed species in the 





Figure 2: Schematic of zeolite synthesis mechanism [5] 
   
Our interest in the thermal transport properties of zeolite materials originates 
primarily from their suitability as a model system containing complex, yet well-defined 
and characterizable, nanostructural features, such as an ordered nanopore network, lattice 
substitution sites, metal cations or organic species adsorbed in the pores. These 
nanostructure features interact with heat carrying phonons, and therefore, they offer a 
number of opportunities for developing and testing models for thermal conductivity in 
complex crystals. The rich structural complexity of these materials, as well as the 
increasing significance of thermal transport properties inherent in their emerging 
applications, justify detailed study of their thermal transport properties, of which current 
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knowledge is relatively limited. There are both experimental difficulties as well as 
theoretical challenges in describing thermal transport in complex materials with large unit 
cells [6-8]. This diversity of structural and physicochemical properties provides rich 
scope to test and refine thermal transport predictions incorporating a wide range of 
structural features and physical effects that can be expected in a complex material. 
Zeolite materials also have various and sometimes anomalous (e.g., negative thermal 
expansion) thermal transport properties [9, 10]. Thus, zeolite materials are a superior 
model that can be utilized to understand the thermal transport properties and phonons 
interactions in complex materials, consequently, this knowledge can facilitate the design 
of new materials. In addition, zeolite materials are considered for various novel 
applications in which heat transfer plays an important role. For example, zeolite materials 
are considered as a sorption-based heat exchanger either in stand-alone or hybrid mode 
(e.g., coupled with thermoelectric or solar-powered devices) as they offer efficient and 
inexpensive solutions to heat transfer problems in large-scale (> 1 kW) heat recovery and 
cooling, as well as in cooling small scale (< 100 W) microelectronic devices [11, 12]. The 
sorption efficiency strongly depends on the thermal conductivity of the sorption beds; 
consequently the understanding of structure-thermal transport property relationships of 
the zeolite material is critical. Recently, zeolite materials have also been considered as 
low dielectric materials [13, 14]. Zeolitic low-k dielectric film technology [15, 16] is 
currently being commercialized by semiconductor companies. High aluminum content 
zeolite is being investigated for coating of corrosive metal surface such as in heat 
exchanger [17, 18]. Moreover, zeolite materials can be used as rigid insulators [7] and 
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anodes in solid oxide fuel cells [19, 20] wherein an ultra-low thermal conductivity is 
required.  
1.2 Background 
There are only a few prior reports [7, 8, 21, 22] on the thermal properties of 
zeolitic materials. The thermal conductivity of zeolite materials is usually measured after 
compacting zeolite powder into a disk. The thermal conductivity is then measured by hot 
wire method [21]. The sample pellet powders are then saturated by an inert gas stream, 
and the effective thermal conductivity is measured. A model is used to extract the 
intrinsic thermal conductivity of the zeolite after subtracting the contribution from the gas 
thermal conductivity. This approach has several drawbacks. Since the measurements are 
made on a pelletized powder, the intrinsic thermal conductivity value is uncertain despite 
the existence of semi-empirical models to correct the experimental data for the presence 
of voids and particle-particle interfaces. Furthermore, many zeolites are highly 
anisotropic, whereas the use of palletized powders can only provide a measurement of the 
average (isotropic) properties of the material.  
 
A computational approach for determining thermal transport properties of zeolite 
materials relies on molecular dynamics (MD) simulations using atomistic force fields. 
However, this is a difficult task [23] owing to the generally slow convergence of the 
computed heat flux. Equilibrium MD methods [7] can predict the specific heat with 
reasonable accuracy, whereas thermal conductivity is notoriously difficult to predict with 
equilibrium or non-equilibrium MD methods [8, 24]. In addition, the lack of 
comprehensive experiment data complicates the interpretation of simulated thermal 
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transport properties. There are only few reports on the thermal transport in zeolite 
materials using MD simulations [7, 8, 22]. There is also a discrepancy between the 
thermal conductivity of zeolite materials obtained by various authors from experiment 
and simulation (for example, Figure 4 shows the results of previous work for zeolite 
LTA). Based on the limitations summarized above, there is a need for development of 
methods for accurate measurement and prediction of the thermal transport properties of 
zeolite materials, and their correlation with the material structure.  


























Figure 3:Thermal conductivity of LTA zeolite: diamond: calculated bulk thermal 
conductivity from the experiment result from [21], inverse triangle: simulation result 
from [7], rectangular: from [21], triangle: from [22],circle: from [21] 
 
 8 
1.3 Objectives and Research Strategy 
This thesis is motivated by the need to accurately measure and predict the thermal 
conductivity of zeolite, and to understand the thermal transport properties of complex 
nanostructured materials such as zeolites. Thus, the specific objectives of our research 
are:  
1. Synthesis of well-intergrown preferentially oriented zeolite thin films of controlled 
structure and compostion, suitable for high-quality thermal transport measurements.  
2. Direct and  comprehensive measurements of thermal transport properties of  zeolite 
thin films as a function of : 
i. Temperature 
ii. Framework composition (Si/Al ratio) 
iii. Non-framework composition (Metal cations) 
3.  Extraction and analysis of physically meaningful thermal transport (phonon 
scattering) parameters, by fitting experimental data to detailed theoretical models 
with significant computational input of other phonon properties such as dispersion 
curves.  
 
 One of the key challenges of this research is to accurately obtain thermal transport 
property measurements. This goal cannot be achieved using compacted powders of 
zeolite materials, due to the reasons described in the previous section. In this thesis, we 
are synthesizing well-intergrown zeolite films or controlled orientation and composition 
that are suitable for accurate measurements of the thermal transport properties. In Chapter 
2, the synthesis and characterization of oriented MFI zeolite thin films with different 
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Si/Al ratio is discussed. The detailed measurements of thermal transport properties of 
MFI films, and the effects of Si/Al ratio on the thermal transport properties of zeolite 
materials such as MFI, are discussed in Chapter 3. Different phonon scattering 
mechanisms are considered and analyzed (in collaboration with Abraham Greenstein, 
Ph.D. Candidate in Mechanical Engineering) to develop a better understanding of phonon 
transport in zeolite materials. In Chapter 4, the synthesis of LTA zeolite films suitable for 
thermal transport property measurement are discussed, and the effects of non-framework 
cations on the thermal transport are discussed. The thermal transport properties of zeolite 
computationally studied as a function of Si/Al ratio and cations by non-equilibrium 
molecular dynamics simulation will be discussed in Chapter 5. Finally, concluding 
remarks and recommendations for future directions of the research are presented in 




SYNTHESIS AND CHARACTERIZATION OF ZEOLITE MFI THIN 




 As mentioned in Chapter I, the thermal transport properties of zeolite materials 
were previously studied using zeolite powders which were compacted into a disk. Using 
this method, the measured thermal transport properties depend on the pellet density, and 
thus the bulk thermal transport property values were overestimated. Hence, a robust 
method of sample preparation and characterization is necessary to study the structure – 
property relationships, as will be described in this chapter. We use a hydrothermal 
method (called “secondary growth”) to grow an oriented and dense zeolite crystal layer 
from an initial layer of deposited nanocrystals of the zeolite. The thermal transport 
properties can hence be accurately measured, and the anisotropic thermal transport 
properties can also be extracted using films of different orientations. Furthermore, this 
chapter introduces a secondary growth method to synthesize a series of oriented zeolite 
membranes with various Si/Al ratios and constant out-of-plane orientation.   
 
This chapter will focus on the discussion of MFI zeolite thin film synthesis. MFI 
is an important zeolite material that is used in a large number of applications. It also has 
an extensive synthesis and characterization literature. MFI zeolite is an orthorhombic 
crystal with the crystal structure formed by 5 member rings that are connected to each 
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other to form a chain. Each chain is connected with each other through oxygen atoms. 
MFI is known to have a high Si/Al ratio. There are two types of channels/porosity in 
MFI, sinusoidal pores with the dimensions of 5.1 Ǻ x 5.5 Ǻ along (100) and a straight 
channel with the dimensions of 5.3 Ǻ x 5.6 Ǻ along (010) [25]. The structure of MFI is 
shown in Figure 4.  
 
 
             a-direction                            b-direction                            c-direction 
Figure 4: Structure of zeolite MFI as viewed down crystallographic a, b, c directions.  
 
2.1.1 Literature Review  
The zeolite synthesis method that we use today is based on the pioneering work of 
Barrer [5, 26]. Zeolite materials are synthesized via a hydrothermal process with reagents 
consisting of a silica source, alumina source, a mineralizing agent (OH-, ammonium 
cation), and an organic compound as directing agents. There are different reaction 
mechanisms proposed in the formation of zeolite particles.  Chang and Bell [27] studied 
the formation of MFI zeolite from Al-free precursors gel. They suggested that the 
synthesis mechanism of MFI membrane is divided into three steps: (1) the formation of 
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clathrate like water structure around the template, which usually is tetrapropyl 
ammonium hydroxide, (2) the substitution of water by silicate in the cages which formed 
pore network similar to MFI, and (3) repetition of step (1) and (2) form MFI zeolite 
crystal structure. The current consensus regarding the synthesis mechanism of MFI 
zeolite is shown in Figure 5. 
  
 
Figure 5: Currently accepted mechanism of zeolite MFI synthesis [28] 
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Even though the synthesis of zeolite powders has been well studied, the synthesis 
of zeolite films is relatively new. There are two synthesis methods for zeolite films: (i) in 
situ growth and (ii) seeded (secondary) growth. The in situ growth is carried out by 
introducing the support/substrate directly into the synthesis solution, and the zeolite is 
allowed to nucleate and crystallize on the substrate under hydrothermal conditions. The 
zeolite crystal size and thin film orientation depends on the concentration of the nuclei on 
the substrate.  This method is known to usually form a film with the crystals in random 
orientations; however, Wang and Yan [29] reported that an oriented membrane can be 
achieved by varying the OH-/Si ratio in the synthesis solution. The secondary 
hydrothermal synthesis is performed by first coating a seed layer of zeolite nanoparticles 
on the substrate. The zeolite seeds serve as the nuclei for subsequent secondary growth of 
a dense film. The group of Tsapatsis has able to prepare a pure silicate MFI films with a, 
b, and c out-of-plane orientations using the secondary hydrothermal method [30-32].  Lai 
et al [33] reported that the orientation of the MFI zeolite film depends on the zeolite 
growth environment, which is controlled by manipulating the seed concentration on the 
substrate, while the film morphology is affected by the synthesis composition and 
temperature.  
 
2.1.2  Objectives 
The primary objective of this chapter is to describe the preparation and 
characterization of oriented zeolite MFI films which are compatible with thermal 
transport measurement techniques by 3-omega methods (discussed in Chapter 3). The 
zeolite synthesis procedure involves the secondary hydrothermal synthesis method. This 
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chapter also discusses the first synthesis of oriented MFI zeolite films with varying Si/Al 
ratios. We then describe our thin film characterizations based on Scanning Electron 
Microscopy (SEM), X-ray Diffraction (XRD), Energy Dispersive X-Ray Spectroscopy 
(EDS), and Atomic Force Microscopy (AFM), and finally the fabrication of micro-
heaters on the film surface for 3-omega measurements.   
 
2.2 Experimental Section 
The MFI zeolite films were synthesized using the secondary growth method. 
Pure-silica MFI zeolite nanoparticles were hydrothermally synthesized from a clear 
solution of the following molar composition: 1 tetraethylorthosilicate (TEOS, Aldrich): 1 
tetrapropylammonium hydroxide (TPAOH, Aldrich): 23 H2O.  The mixture was first 
hydrolyzed at room temperature under vigorous stirring until a clear solution was 
obtained. The solution was then filtered, and put in the Teflon lined stainless steel 
autoclave. The hydrothermal synthesis was done at 90oC for 24 hours under rotation to 
obtain ~ 100 nm particles. At the end of the reaction, the as-synthesized particles were 
washed in DI H2O using a centrifuge for 3 times 20 minutes at 7000 rpm. The particles 
were dried at 60oC overnight, and then they were calcined at 500oC for 6 hours using a 
heating rate of 2oC/min. The particles were then dispersed in water for storage. 
 
There are two types of synthesized thin films in this study. The first syntheses 
method was adapted from Xomeritakis [32] to form a (002)-oriented pure-silica MFI film 
on silicon wafers. Silicon wafers were cleaned using piranha solution as described in 
reference [34]. A colloidal suspension of silicalite MFI nanocrystals (~ 100 nm) were 
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prepared as described above. A 50% suspension in ethanol was filtered, ultrasonicated, 
and spin-coated (Model 100CB, Brewer Science, Inc.) on the silicon substrate at 3000 
rpm for 30 seconds. The coated substrates were dried at 60oC overnight. Silicalite MFI 
films were then grown in a Teflon-lined stainless steel autoclave by secondary growth of 
the nanocrystals at 175oC for 48 hours, with a growth solution composition as described 
elsewhere [32]. The films were rinsed with hot DI water, dried in 60oC overnight, and 
then polished with SiC paper (Buehler Inc., 1200 and 4000 grit) at 100 rpm for 15 and 35 
seconds, respectively. The sample is calcined in air (500°C, 5 hours) to remove the 
organic tetrapropylammonium ion (TPA+) template, creating an empty nanopore 
structure. Both calcined and uncalcined MFI films were prepared. 
 
The second type of MFI zeolite film was synthesized in order to obtain a variety 
of Si/Al oriented MFI membranes (Figure 6). Firstly, the synthesis was completed by 
following the method described by Ulla for synthesis of zeolite particles of varying Si/Al 
ratios [35]. A commercially available Porous α-alumina disk (Coorstek) with porosity of 
25% was chosen to be the substrate. The substrates were polished with SiC paper 
(Buehler Inc., 400/800 grit) at 140 rpm for 2 minutes in order to obtain a smooth surface 
favoring the absorption of MFI nanoparticles. The substrates were washed with DI H2O 
to remove any debris, and dried with an N2 gun. A 50 wt% MFI nanoparticle solution in 
ethanol was made, ultrasonicated, and filtered to remove a large agglomeration of 
particles in the solution. The solutions were spun-coated (Model 100CB, Brewer Science, 
Inc.) on alumina substrate by pipetting 4-5 drops of solution onto the substrate. The 
substrates were initially spun at low speed of 500 rpm with a ramping rate of 250 rpm for 
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5 seconds, and then they were spun at higher speed of 3000 rpm and ramping rate of 500 
rpm for 40 seconds. The coated substrates were further dried at 60oC for about 1 hour.  
 
 
               




The coated substrates were placed at an inclined angle with the seeded side facing 
downwards in a Teflon-lined stainless steel autoclave for hydrothermal synthesis at 
α – alumina disc substrate 
seed deposition 
using spin coating 
 
Randomly oriented seed layer 
(101) Oriented MFI membrane 
 •Hydrothermal     synthesis at 175oC 
and 110oC 
•(4-x) TEOS: x Al: 0.9 TPABr: 0.9 
KOH: 940 H2O. 
 
calcination at 500oC 
Calcined (101) Oriented MFI membrane 
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180oC. The secondary growth solutions were contained molar ratios of 1 SiO2:0.014 
Al2O3:46 H2O:0.043 TPABr: 0.13 KOH. The films synthesized using this solution do not 
have a uniform Si/Al throughout, as be discussed in the next section. Hence, a new 
hydrothermal synthesis is conducted at 175oC (lower Si/Al ratios) for 48 hours and 140oC 
(higher Si/Al ratios) for 72 hours. The secondary growth solutions have compositions of 
(4-x) TEOS: x Al: 0.9 tetrapropylammonium bromide (TPABr, Aldrich): 0.9 KOH: 940 
H2O. The values of x are adjusted according to the desired Si/Al ratio of the films. The 
potassium aluminate solution was prepared by hydrolyzing aluminum powder in KOH, 
TPABr, and water solution for one hour. The potassium silicate solution was prepared by 
mixing TEOS in KOH, TPABr and water solution for one hour. Then both solutions were 
mixed together. After the reaction ended, the films were rinsed with hot DI water, dried at 
60oC for 3 hours, and calcined in air at 500oC for 6 hours with a heating rate of 1oC/min 
(see Figure 6). The films were then characterized by XRD (PANalytical X’Pert Pro, 
CuKα) to obtain the film orientation. The films were then polished with SiC papers 
(Buehler Inc., 400/800, 600/1200, 1000 and 4000 grit) at 100 rpm for 35 seconds each. 
The films were further polished with alumina polishing suspensions of 0.5 micron, 0.3 
micron and 0.05 microns. The film roughnesses were then characterized by Atomic Force 
Microscopy (AFM). The film thicknesses and compositions were characterized by SEM 
and EDS (both carried out on a LEO 1550 instrument operating at 10kV). 
 
2.3 Results and Discussion  
Figure 7 shows the SEM cross section and top views of a pure-silica MFI film.  
The facets represent the (101) planes of the crystals [32] and increase the surface 
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roughness, resulting in a poor quality of microheater deposition. The top view shows the 
surface of the film with a grain size of 4 µm. Figure 7 shows the membrane after 
polishing. The thickness was reduced to 20 µm and the surface is considerably smoother, 
allowing a reliable heater deposition. The MFI crystals in the film have a (002) out-of-





Figure 7: SEM images of (a) cross-section of unpolished pure-silica MFI film, (b) 
surface morphology of unpolished film, (c) cross-section of polished film, (d) surface 
morphology of polished film 
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MFI zeolite films with various Si/Al ratio were first synthesized using a 
concentrated amount of precursor as suggested by Ulla [35], and the XRD patterns show 
that the films have a (101) orientation. However, the EDS results (e.g., Table 1) do not 
show a uniform silicon-to-aluminum ratio throughout the cross section. Hence, these  
 
Figure 8: X-Ray Diffraction Pattern of (002) pure-silica MFI oriented film 
 
films cannot be used for studying the structure – property relationships because one 
cannot extract the correct composition of the membranes. In addition, the morphology of 
























lower resolution, thus, one will not be able to extract the correct structure effect on the 
thermal transport properties mechanism through these materials.  
 
Table 1: Initial EDS results on an aluminosilicate MFI film  
spot Si/Al Si/K 
1 32.07 7.06 
2 83.68 46.54 
3 108.18 50.91 





Figure 9: SEM Images of aluminosilicate MFI zeolite film obtained from the initial 
concentrated synthesis composition 
 
 
Due to the difficulty of synthesizing high-quality MFI films on silicon wafers 
using the above method, the second approach using lower concentrations of reactants and 
20 µm 5 µm 
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lower growth temperature (as described in Section 2.2) was used to synthesize MFI 
zeolite films with Si/Al ratios of 26, 36, and 83 in addition to a pure-silica MFI film.  The 
film orientation was determined by XRD (Figure 10). All films showed a constant (101) 
orientation. The introduction of aluminum into the synthesis changes the crystal growth 
characteristics, and thus the film orientation, in ways that are poorly understood. 
Considerable optimization of the synthesis conditions (temperature, composition) was 
necessary to synthesize several MFI films with varying Si/Al ratios. MFI films with Si/Al 
ratios below 25 could not be prepared irrespective of the crystal orientation, for reasons 
that are likely related to the stability of the crystal structure and the alteration of the 





Figure 10: X-ray Diffraction Pattern of MFI films as a function of film composition 
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Figure 11 shows the SEM top views of a typical film before and after polishing, 
and the cross-section view of the film after polishing. The polishing step was found to be 
important for reliable heater deposition prior to 3 omega measurements of thermal 
conductivity. Table 2 summarizes the obtained Si/Al ratios from EDS, the root-mean-
square (rms) roughnesses from AFM, and the Scherrer domain sizes (vide infra) obtained 
from XRD. The EDS results were obtained using an electron beam of 3 µm spot size and 
were averaged over numerous regions of the membrane cross section to obtain a reliable 
estimate of the composition. The present MFI films are measured to have Si/Al ratios of 




Figure 11: SEM Images of MFI films (a) top view of MFI films, (b) polished surface of 








Table 2: Film composition measured by EDS and film roughness measured by AFM 
 
2.4 Conclusion 
We have described a thin film preparation method that can be accurately used to 
make the first accurate measurements of the thermal transport properties of zeolite MFI. 
Oriented MFI zeolite films with various Si/Al ratio can be obtained and thoroughly 
characterized for their structure and composition. The incorporation of aluminum favors 
(101)-oriented films. We also found that minimizing the roughness of the films is critical 
in order to obtain high quality of thermal conductivity values.  
Sample Synthesis Composition 
Synthesis 
Temp. 
EDS results Roughness Domain Size 
 Si/Al (oC) Si/Al (Angstrom) (nm) 
1 Infinity 140 Infinity 102 97.1 
2 100 140 82 + 15 65 99.5 
3 65 175 36 + 6 64 93.7 
4 35 175 26 + 5 45 92.5 
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 CHAPTER III 
MFI ZEOLITE FILMS: THERMAL CONDUCTIVITY 
MEASUREMENTS AND MODELING 
 
3.1 Introduction and Objectives 
The capability of altering the composition of a given zeolite (e.g. by lattice atom 
substitution or by introducing metal cations and organic molecules into the pores) while 
maintaining the same framework structure, or conversely the ability to synthesize 
different framework structures with the same composition, make zeolites extraordinarily 
versatile materials with interesting structure – function relationships as well as many 
important applications. There are both experimental difficulties as well as theoretical 
challenges in measuring and describing thermal transport in complex materials. The 
experimental difficulties have been discussed in the previous chapters, and have been 
overcome by us through the synthesis of high-quality zeolite films suitable for accurate 
thermal transport measurements. The theoretical challenges have been done in 
collaboration with A. Greenstein (GTME). Detailed calculations of the thermal transport 
parameters found in this chapter are further discussed in Greenstein’s thesis [36].  
The thermal transport properties of materials can be described theoretically by 
solving the generalized Boltzmann phonon transport equation. The relaxation time 
approach, describing the phonon scattering process, is usually utilized to understand the 
heat transfer mechanism in the materials [37]. Theoretically, relaxation times can be 
obtained directly from the Fermi golden rule [38] if full details of the phonon dispersion 
and mode eigenvectors can be calculated. Difficulties in directly calculating relaxation 
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times have led to various simplifying assumptions for incorporating the effects of 
different scattering mechanisms on phonon transport. Good agreement is obtained with 
experimental data for crystals with only a small number of phonon branches (e.g., Si, Ge, 
diamond). The thermal transport properties of zeolite materials have been previously 
determined using similar approach by only considering the acoustic phonon branches 
[22]. However, this approach is not adequate because the phonon velocity, at higher 
frequency phonon branches, does not vanish as they behave in the simple materials.  
 
In this chapter, we study the thermal transport properties of MFI zeolite materials 
that combine systematic variation of zeolite composition, measurements of thermal 
conductivity using well-intergrown polycrystalline zeolite films, and modeling of thermal 
transport using a detailed lattice dynamics calculation.  We consider the entire phonon 
branches in the Brilloiun zone, and we are able to obtain an excellent agreement between 
the heat capacity calculated by our model and the experiment data. We use a highly 
accurate atomistic force field to calculate the phonon dispersion curves. This study allows 
separation and analysis of the structural and dynamical factors that influence the thermal 
conductivity. We chose zeolite MFI as a well-characterized model system because it can 
be made as a pure SiO2 material or with different Si/Al ratios (as low as 25). As described 
in Chapter II, we have prepared oriented MFI films on polished α-alumina substrates by 
secondary (seeded) growth.  In this chapter, we describe experimental thermal 
conductivity measurements by 3-omega techniques and the modeling of the results to 
extract physically meaningful transport parameters. We model the thermal conductivity 
in the framework of the Boltzmann transport equation, with detailed input on phonon 
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dispersion and specific heat from atomistic lattice dynamic simulations. Detailed 
consideration of various phonon scattering processes, represented by theoretical 
expressions with a small number of physically significant fitting parameters, allowed us 
to elucidate both the effects of aluminum incorporation as well as the relative importance 
of each scattering mechanism, in determining the temperature and composition 
dependence of the thermal conductivity.  
 
3.2. Theory   
3.2.1 Thermal Transport Theory 
In semiconducting and insulating solids, heat is primarily carried by phonons. A 
phonon represents the quantized vibrational energy of an atom or a group of atoms in the 
crystal [39]. The bonding of two atoms can be described as a spring, which has a certain 
spring constant and mass according to the atom types and the bond strength. The atoms 
can be assumed to have a harmonic oscillation around the minimum energy 
configuration, with the potential energy represented by a parabolic function (see Figure 
12). The combined vibration of many atoms in a lattice can be described in terms of a 
wave motion [39]. The position of any atom in a monatomic unit cell is described as: 
 
  )(exp tnkaixx on ω−=       (3.1) 
 
where x is the atom position, a is the lattice parameter, ω is the oscillation frequency, t is 





=k         (3.2) 
 
According to the number of atoms and interactions in the solid, the total 
polarization modes of phonons are 3Z in number (Z equals to the number of atoms in a 
unit cell), of which 3 of the polarization modes are acoustic modes and (3Z-3) of the 
polarization modes are optical modes (see Figure 12 for diatomic crystal). The 
fundamentals of phonon vibration and thermal transport in solid crystals have been 
widely studied [40-42].   
 
 
(a)    (b)     (c) 
Figure 12:  (a) Energy-distance diagram of a typical chemical bond [39], (b) Diagram of 
traveling waves  in two dimensional monatomic crystal. The arrows indicate the vibration 
direction [41], (c) Dispersion curve for one dimensional diatomic crystal [41].  
 
Analogous to the quantization of electron and photon energies, the quantized  

























n r is the phonon distribution function, ħ is the plank constant, ω is the 
frequency, k is the wave vector and p is the type of polarization. Energy equal to ħω/2 
represents the zero-point energy. The equilibrium phonon distribution at a given 
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where and Dp(ω) is the phonon density of states, which is the number of modes per unit 













==       (3.6) 
 
where V is the volume of the solid, and N is the number of vibrational modes.  
Therefore, the thermal transfer in semiconductors and insulators is due to the 
phonon propagation, and the physical limits on heat transport rates in perfect crystals are 
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determined by the scattering of phonons from each other. There are two types of phonon-
phonon scattering. The first is the elastic scattering by the solid defects, boundaries or 
dislocation; this type of scattering conserves the phonon frequency. The second is the 
inelastic scattering (Figure 13) (Normal and Umklapp scatterings) which is a scattering 
between phonons where the phonon frequency changes. These phonon interactions can be 












 is a reciprocal lattice vector. The first equation represents energy conservation 
while the second equation represents momentum conservation. When G
r
equals to zero 
(momentum is conserved), the scattering process is called Normal scattering, and when 
G
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Figure 13: Phonon scattering diagram (left) when the wavevector of the third phonon is 
the combination of the wavevector of two phonons, (middle) when a phonon splits into 
two different phonons, (right) when the wavevectors of two phonons are larger than the 











According to the kinetic theory, the thermal conductivity equals to [39, 41, 42]:  
 
vlCk l=         (3.8) 
 
where v is the phonon group velocity and l is the phonon mean free path. However, in a 
non-equilibrium condition, kinetic theory cannot predict the thermal conductivity of the 
solids; Boltzmann transport equation (BTE) has to be used. In BTE, it is assumed that 
there exists a phonon distribution function >< ),( pkn
r
.When there is a temperature 
gradient in the solid, the phonons will travel by diffusion (limited by scattering 
processes), so that at the steady state of heat transfer, the time-change in the phonon 
distribution function is zero. One of the benefits of using BTE is its capability to solve a 
large system reasonably quickly [43]. However, the phonon properties, such as dispersion 
curve, density of states, and relaxation times, have to be determined experimentally and 
computationally, or predicted by theoretical expressions.  
 
3.2.2 Experimental Techniques - 3ω Method  
The 3ω method [44] is chosen to measure the thermal conductivity of zeolite 
films. A metal line heater, which functions both as a heater and thermometer, is micro-
fabricated on to the film surface. The metal line is heated by a sinusoidal current of 
frequency ω, which results in joule heating and temperature oscillation at frequency of 
2ω. These temperature oscillations at 2ω are measured by voltage oscillations at the third 
harmonic 3ω caused by the temperature-dependent resistance of the metal line. By using 
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a reference potentiometer, the lock in amplifier is used to subtract the signal from the 
potentiometer and the signal from the test devices to eliminate unwanted signal noise 
prior to the measurement of the third harmonic signal. The schematic of the 
instrumentation is shown in Figure 15. The heat conduction in the solid state is described 
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Figure 14: Schematic of heater element and samples, b is the width of the heater and L is 
the heater length. 
 
 
The approximate solution of this equation for a given metal line of width 2b and 
length L (see Figure 14) yields the following formula correlating the  complex amplitude 
of the temperature oscillations in the metal line and the thermal conductivity of the 

















































































Figure 15: Schematic of 3-omega instrumentation 
                                            
3.3. Experimental Details  
The thermal transport properties of MFI zeolite films were characterized using 3-
omega technique [44, 46]. The metal heater was fabricated by evaporation of the titanium 
and gold. The thickness of titanium layer was 30 nm, and the thickness of gold layer was 
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160 nm. A 5 Volts AC voltage is applied to the metal heater, and both the in-phase and 
out of phase response of the third harmonic voltage over a frequency range of 75-2000 
Hz were employed to analyze the thermal conductivity of the zeolites films. The 
measurements were performed at temperature between 150K and 450K in a vacuum 
cryostat (~10-8 torr). The 3-omega voltage responses were obtained and used to calculate 
the thermal conductivity.  The voltage drop was directly related to the temperature 
response of the metal line which is a function of the thermal properties of the underlying 
material.  The thermal conductivity was deduced by a least squares fit of a 2D analytical 
solution for a periodic heat source on a multilayer film on substrate system [46]. The 
thermal conductivity of the substrate was measured in a separate experiment to provide a 
built in reference for the multilayered system (Figure 16). The substrates were shaped 
into a disk with a thickness of 1 mm, and a diameter of 1 inch. The heat capacity values 
of porous α-alumina substrate were calculated from the bulk α-alumina heat capacity by 
first determining the volume fraction of the substrate. This was achieved by physically 
measuring the mass and the volume of the substrate and comparing the volume obtained 
to the volume calculated from the density of bulk α-alumina. Then, the heat capacity 
values of the porous α-alumina were calculated (Figure 17) from the known heat capacity 
of bulk α-alumina [47]  and heat capacity of air by the following expression.  
 
aminbulkalupaminporousalup
xCC ,, =      (3.12) 
 




Figure 16:  Thermal conductivity of porous alpha-alumina substrate. The experiment 
values were obtained from 3-omega measurement, the literature-calculated were obtained 






















Figure 17:  Heat Capacity of porous alpha-alumina substrate. 
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3.4. Results and Discussion 
3.4.1 Thermal Conductivity of (002) oriented MFI zeolite film 
 The thermal conductivity of (002) oriented MFI film obtained from 3-omega 
method is shown in Figure 18. The thermal conductivity of (002)-oriented pure-silica 
MFI film is of the same order of magnitude as that previously reported for zeolites FAU 
and LTA by MD simulation [7, 8] and by experiment [21, 22]. In addition, the 
temperature dependence of thermal conductivity appears to be dominated by the strong 
contribution of specific heat of MFI and not as much by phonon-phonon scattering events 
in the large zeolite crystals. The single phonon scattering mechanism is fitted to the 
experiment data by first modeling the specific heat. The specific heat over a wide range 
of temperatures is shown in the Figure 19. This specific heat is measured experimentally 
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Figure 19: Specific heat of calcined MFI. The experimental data are from Boerio-Goates 
et al. [9]  
 
 
Normally, specific heat is modeled via Debye theory, which uses the Debye 
temperature [48]. The Debye temperature is often obtained by fitting the Debye model to 
the specific heat data. An attempt to fit the Debye model to MFI (Figure 19) shows that it 
is unable to predict the specific heat of MFI. The theory makes several assumptions: (1) 
only the three acoustic phonon branches contribute to the specific heat, (2) the summation 
over discrete phonon states can be replaced by an integral, (3) the phonon dispersion is 
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linear and is the same for all polarizations, (4) the dispersion is isotropic, and (5) there is 
a cutoff frequency represented by the Debye temperature [48]. MFI, an anisotropic 
orthorhombic crystal, has 288 atoms per unit cell, 864 dispersion branches, and no 
appreciable band gap between the 3 acoustic and 861 optic modes of nonlinear 
dispersion. Hence, all the above assumptions but assumption (2) are invalid. A general 
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The outer summation is over all 864 polarizations. The inner summation is over all 
phonon modes or wave vectors in the first Brillouin zone. The assumptions we make are 
that (i) the wave vectors are continuous, (ii) the dispersion curves are temperature 
independent, (iii) anharmonicity can be neglected, and (iv) thermal energy storage occurs 
only in phonons. Replacing the summation over the wave vectors with an integral over 



























   (3.15) 
 
To obtain the specific heat with Eq. 3.2, the dispersion curves must be calculated in all 
directions. The General Utility Lattice Program (GULP) [50] was used to calculate 
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phonon properties with two different force fields. The first [51] is a two body force field 
that uses only a Buckingham potential (Eq. 3.17) and Coulomb potential (Eq. 3.16). The 
second includes a Buckingham potential, a Coulomb potential, a three-body bending term 
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Figure 20: Schematic showing full volume of one of the twelve subsections, and the 
positive octant of the Brillouin zone of MFI. 
 
A unique discretization scheme is used to integrate over the box-shaped Brillouin 
zone, which is consistent with the orthorhombic unit cell for MFI. Due to symmetry 
considerations, the calculation needs to be performed only in the positive octant. In this 
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scheme, the three orthogonal faces in the positive octant are discretized into 4 
subsections, giving a total of 12 subsections. The volume of each subsection is bounded 
by lines from the edges of the subsection’s face on the Brillouin zone surface to the 
origin. Figure 20 shows a schematic of the Brillouin zone discretization. Dispersion 
curves are calculated from the origin to the center of each subsection. It is assumed that 
in a given subsection, each dispersion curve is dependent only on kx, ky, or kz, 
depending on whether the subsection ends on the kx, ky, or kz plane. The final expression 
for Cv is: 
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3 =       (3.23) 
 
The integration is over the volume elements dVBZ,i. The i summation is over the 3 faces 
and the S summation is for the 4 discretized subsections that end on each face (Eq. 3.20). 
With appropriate geometric adjustments, this model can be used to predict the heat 
capacity of many crystalline dielectrics and semiconductors. We first tested the 
computational technique with silicon, modeled using the well established Stillinger-
Weber potential [53]. The details can be found in reference [6]. The model was then 
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applied to calculate the specific heat of MFI. Figure 19 shows good agreement between 
the current model and experiment when an accurate force field is used. The only 
deviation of the current model from experiment is in the region around 350 K. This is 
most likely due to the well-known displacive second-order phase transition of MFI in this 




























Figure 21: X-ray diffraction pattern of MFI zeolite as a function of temperature. It shows 
the phase transition at temperature of 350K 
 
 
In the present study, we have only used the low-temperature crystal structure and hence 
the effects of the phase transition are not captured. However, this can be addressed 
 41 
computationally within the framework of free energy minimization techniques, as shown 
recently [56]. In other words, the free energy of the crystal could first be minimized at 
each temperature to capture potential phase transitions, before calculating the phonon 
properties. Neither the two-body force field (even when used with the current model) nor 
the Debye model produces accurate results. At 400 K the specific heat is still increasing 
strongly with temperature. This is because the Dulong-Petit law regime is not reached for 
MFI zeolite structure until 1200–1300 K.The temperature at which the Dulong-Petit limit 
is reached is directly dependent on the highest phonon frequencies that exist in the solid. 
The highest phonon frequency in MFI (~30 THz) is nearly double than that observed in 
silicon. 
  
Using the current theoretical approach, the thermal conductivity can be derived as 
follows [48]: 
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The index j runs over the three principal crystal directions. The conductivity is strongly 
influenced by phonon velocities (v) and their scattering rates (quantified by phonon 
relaxation times t). Despite the use of fitted parameters, widely used relaxation time 
expressions [37, 57] are unable to reproduce the thermal conductivity of MFI, which 
requires more detailed quantification of the scattering processes. However, we found that 
in MFI the conductivity can be reproduced by (Eq. 3.5) with a single relaxation time 
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parameter for all phonons. All other quantities are obtained from the calculation of 
phonon dispersion. The thermal conductivity result is shown in Figure 18 for the c 
direction of MFI which corresponds to the out-of-plane orientation of the films studied 
here. 
The value of the fitted relaxation time in our thermal conductivity calculations 
was 9.2 ps, which is the same order of magnitude as those estimated for quartz near room 
temperature (250 K) [58] . The estimates in previous works were obtained by 
decomposition of MD-derived heat flux autocorrelation functions. Therefore, the fitted 
‘‘effective’’ relaxation time for MFI appears reasonable. From the dispersion 
calculations, the average phonon velocity in MFI is estimated at approximately 500 m/s 
at 300 K. Thus, the low thermal conductivity is due in part to the low phonon velocity. 
Based on the fitted relaxation time, the phonon mean free path was found to be 4.5 nm at 
300 K. Despite its low conductivity, MFI cannot be modeled as an amorphous material. 
Attempts to model it using a minimum thermal conductivity model, wherein the modal 
relaxation times were calculated as half the period of the phonons of that mode, resulted 
in a drastic underestimation of the conductivity. 
 
3.4.2. Thermal Conductivity of (101)-oriented zeolite MFI films 
 As was tentatively stated earlier, the temperature dependence of thermal 
conductivity of MFI film appears to be dominated by the strong contribution of specific 
heat of MFI and not as much by phonon-phonon scattering events in the large zeolite 
crystals. In this subsection, the temperature dependence and the composition effect of 
thermal conductivity of MFI film is investigated in detail by measuring the thermal 
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conductivity of oriented (101) zeolite MFI film with various Si/Al ratios (i.e.26, 36, 86, 
infinity).  Figure 22 shows the thermal conductivity of (h0l)-oriented MFI films as a 
function of Si/Al ratio in the temperature range of 150–450 K. It is clear that the thermal 
conductivity varies continuously as a function of the aluminum content. Furthermore, the 
conductivity increases with temperature over the entire range investigated. It was verified 
through repeated experimentation that the observed behavior was not the result of 
artifacts arising, e.g., from heater contact resistance.  
 





















 Si/Al = 82
 Si/Al = 36
 Si/Al = 26
 
Figure 22: Thermal conductivity of MFI films measured by 3-omega method and fitted 
by the model for different film compositions 
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The thermal conductivity is calculated using a relaxation time model with fitted 
parameters.  At first the conductivity is modeled the same way Murashov modeled the 
conductivity of zeolite 4A [22].   This model makes many assumptions that have been 
used the in past conductivity models.  It assumes that the acoustic dispersions can be 
treated as linear and isotropic and that the optic modes can be neglected.  Despite the use 
of fitted parameters, the model is unable to reproduce the experimental data.  The 
shortcomings of applying such assumptions to MFI are made evident by the failure of the 
Debye model to accurately calculate the specific heat [6]. The model that is used to 
successfully calculate the conductivity is far more rigorous than many previous relaxation 
time models [59, 60].  The full anisotropic dispersion is calculated across the entire 
Brillouin zone for all dispersion branches.  The General Utility Software Program 
(GULP) is used to minimize the crystal energy to obtain the atomic coordinates. Then it 
calculates the eigenvalues of the dynamical matrix to obtain the dispersion relationships.   
 
Before energy minimizations can be done on the aluminosilicate samples, the 
location of the aluminum atoms and of the Hydrogen atoms, which are needed to 
maintain charge neutrality, need to be determined.   Each Aluminum atom has a hydrogen 
atom near it; the Hydrogen atom is placed in a pore and is bonded to an Oxygen atom that 
is bonded to the Aluminum atom.  Random Silicon atoms in a single unit cell are 
replaced by Aluminum atoms, with the constraint that no two Aluminum atoms can be 
adjacent.  This creates two problems the first is related to the system size where because 
only one unit cell is being considered, only certain Si/Al ratios can be modeled. 
Secondly, an artificial periodicity is introduced into the crystal.  Super cells could be used 
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to obtain the exact Si/Al ratios but they would be computationally expensive and might 
make the calculation impractical.  Therefore, the dispersions of crystals with Si/Al ratios 
of 83, 35, and 26 will be approximated as dispersions of crystals with Si/Al ratios of 95, 
47, and 31.   This will lead to a slight overestimation of phonon velocity but the 
overestimation is consistent and the goal here is not a perfect calculation but to elucidate 
trends and understand phonon physics.  The artificial periodicity issue should have 
minimal effects on the model because of the following reasons.  An impurity will only 
affect local bonding because dipole-dipole interactions and the disturbance in the electric 
field, from the small dipole moment caused by the proton and Aluminum atom, are short 
ranged.  Furthermore, only small amounts of Al are being considered and the unit cell of 
MFI is fairly large.  Therefore, the different impurity sites should be independent of each 
other. The effect of aluminum configurations is checked by calculating the dispersion for 
two structures with the same Si/Al ratios but different aluminum atom locations.  The 
resulting dispersions were qualitatively comparable to each other. The very small 
differences in the curves suggest a weak dependence of the dispersion. Figure 23 and 
Figure 24 show the sample results of the phonon dispersion and speed for one branch. 























Figure 23: Calculated phonon dispersions of one transverse acoustic branch for different 
























Figure 24: Calculated phonon speeds of one transverse acoustic branch for different 
Si/Al ratios in the (100) direction 
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  The expression used to calculate conductivity is Eq. 3.24. The integral is over the 
Brillouin zone the integrand is calculated across a grid through the entire Brillouin zone.   
The summation is over all polarizations.  Velocity is the gradient of the dispersion and is 
projected onto the direction j, which in this case is the (101) crystallographic direction.  
The dispersion gradients are calculated by taking the central difference derivative in the 
x, y, and z directions across the entire Brillouin zone.  In theory the relaxation time can 
be calculated from Fermi’s Golden rule [61].  However, this is an extremely expensive 
calculation for a simple material, for a more complex material the calculation is all but 
impossible.  Some components of τj can be estimated from molecular dynamics [7], but 
defect and boundary scattering cannot be easily accounted for. There have also been 
molecular dynamics studies that explicitly calculate phonon lifetimes in simple crystals 
[7, 62], but this approach requires a large number of simulations with varying system 
sizes in order to adequately sample the Brillouin zone. As a result, fitted parameters and 
semi-empirical expressions are used to circumvent a direct calculation.  
 
The three different processes considered in the conductivity model are phonon-
phonon scattering, boundary scattering, and point defect scattering.  Klemens showed that 
normal processes are unimportant in Quartz [63], so it is assumed that they will be 
unimportant in MFI.   Furthermore, it will be shown that resistive process dominate 
therefore normal processes will be fairly small.  The expression that is used for Umklapp 







− =        (3.25) 
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This expression is taken form reference [64]. It is one of the most ubiquitous relaxation 
time expressions. Here, θ  is the Debye temperature and is estimated to be 926 K for 
MFI. This estimate is obtained by fitting the Debye model of specific heat to the 
experimental data [6]. However, the calculated results are insensitive to the exact value of 
the Debye temperature used, for reasons that will become clear during the subsequent 
analysis of relaxation time behavior. As temperature increases, U processes dominate and 
the conductivity would become inversely proportional to temperature. Debye gave 
theoretical justification for such trends [65] and many crystals experimentally exhibit 
such behavior.  The calculated Umklapp scattering is the least rigorous part of the 
calculation and is only approximate.  However, later it will be shown that point defect 
and boundary scattering dominate the conductivity.  Therefore, error introduced by 
inaccuracies in the Umklapp term should be small. 
 
Point defect and boundary scattering are two types of defect scattering.  Point 
defect is the idealized case of an isolated zero dimensional defects in the lattice, while 
boundary scattering is the idealized case of two dimensional planar defects that divide the 
lattice into separate domains.  The expression used for point defect scattering is [61] 
 
)(21 ωωτ gAD =
−
       (3.26) 
 
Here g(ω) is the phonon density of states.  In theory A, which is a constant unique to a 
given sample, can be calculated ab-inito.  In practice this would require far more 
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structural information about the defects that is practical or even realistic to 
experimentally ascertain.  Therefore A is a fitted constant.   
 
Boundary scattering can be caused by planes of impurities and point defects, 
stacking faults, grain boundaries, and any other features that may introduce an interface 
in the material.  The expression used for boundary scattering is [61] 
 
effB lv /
1 =−τ        (3.27) 
 
Like the constant coefficient in the point defect scattering term, the effective 
distance a phonon travels between planar scattering sites could be estimated theoretically 
if enough structural information about the defects were known.  The shape and size of the 
domains created by planar defects would need to be known.  Furthermore, the reflectivity 
of the interfaces would need to be known, which is quite an involved problem in itself.  
Since it is not practical to obtain all this information the effective distance is also treated 
as a fitted constant.  To get an overall relaxation time, all scattering processes are treated 
as being in parallel and are summed using Matthiessen’s rule. 
 
1111 −−−− ++= DBUj ττττ       (3.28) 
 
There are only three parameters in the fit: A, B, and leff, of which the last two are constant 
across all the samples. We ensured that a large parameter space was explored by using a 
number of initial guesses. A unique best-fit result of high quality was obtained as shown 
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in Figure 22 and the fitted parameters are summarized in Table 3. The parameter A 
depends nonlinearly on the Si/Al ratio, since Al atoms can influence phonon transport by 
scattering from an impurity atom of different mass. Also, the difference in the effective 
spring constant of Al-O bonds, and local strain fields scatter phonons.  
 
Despite the inclusion of U processes, the thermal conductivity of MFI increases 
with temperature, implying that other scattering processes as well as specific heat effects 
dominate the temperature dependence. We found that the boundary scattering term (with 
a fitted leff of 4.8 nm) makes by far the strongest contribution of the three phonon 
scattering mechanisms and hence, limits the absolute value of the thermal conductivity. 
The obtained value of leff is worthy of more detailed discussion. Several authors report 
the existence of sub-100-nm domains in zeolite crystals [66, 67]. An upper limit on the 
domain size is estimated from XRD as (100 nm) (Table 3) by the Scherrer relation [68] 
which uses the full width at half maximum of the XRD peaks. However, the Scherrer 
domain size (100 nm) is much larger than the fitted leff and is unlikely to limit the 
propagation of phonons at nanometer length scales. Furthermore, the MFI structure is 
inherently free of pore stacking faults [25, 69] that might also act as phonon scattering 
boundaries. The high quality of the obtained fit strongly implies that the temperature-
independent boundary-like scattering mechanism arises from the interaction of the lattice 
vibrations with the pore network, which disrupts long-range lattice vibrations. The 
periodicity of the pore structure in MFI is about 1.5 nm and the crystallographic pore size 
is about 0.9 nm [25, 69]. Heat carriers would thus have a mean free path that is 
determined by the length scale of the pore network. From the point of view of real-space 
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visualization of thermal transport (as opposed to the present reciprocal-space approach), 
the presence of nanoscale voids would impede the atom-to-atom transfer of heat energy 
at the surfaces of these voids, since this heat energy must be either reflected back from 
the void/pore or be channeled around it. Very recently, similar arguments (based upon the 
results of molecular dynamics simulations) have been advanced to qualitatively explain 
the thermal conductivity of nanoporous metal-organic frameworks [70]. 
 
Table 3: Fitted phonon scattering model parameters for MFI films. Umklapp parameter B 
and effective domain size leff are held constant across all the samples whereas A varies 











∞ 5.7 + 0.1 7.4 + 0.1 4.8 + 0.1 97 + 2 
82 6.4 + 0.1 7.4 + 0.1 4.8 + 0.1 100 + 2 
36 45.2 + 0.1 7.4 + 0.1 4.8 + 0.1 94 + 2 




























Figure 25: Specific heat of (101) oriented MFI films with various Si/Al ratios as a 
function of temperature  
 
 
The temperature-independence of the main phonon scattering mechanism in MFI 
also explains the unusual (viz. monotonically increasing) temperature dependence of the 
conductivity, which is well described by the increase in specific heat with increasing 
temperature (also see Figure 25 and the following discussion). We note that the Umklapp 
relaxation time expression (Eq. 3.25) is the most rigorous one available from previous 
theoretical efforts, but is still based on assumptions that may not be perfectly valid for 
MFI. Future work could focus on developing a general Umklapp term valid for all 
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phonon branches, which could then allow a more quantitatively accurate estimate of the 



































With the upper limit being defined by boundary scattering, Al incorporation can 
effectively suppress the conductivity as seen from the rapid increase in the value of the 
parameter A with increasing Al content. Our approach allows us to determine whether 
this is due to decreased specific heat, decreased phonon velocity, or increased point 
defect scattering. The calculated specific heat (Figure 25) changes negligibly with 
increasing Al content, whereas the mean phonon velocity (Figure 27 and Figure 27) 
changes significantly. These results may seem surprising because both quantities are 
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calculated directly from the dispersion curves. However, the modal specific heats are 
fairly insensitive to small/moderate amounts of Al because phonon states with energies 
much lower than kbT all have the same specific heat and states with energies much higher 





























Figure 27: Mean Phonon Speed calculated using the mode thermal conductivities as 
weighting functions 
 
The mean phonon velocity is calculated by taking a weighted average of the 
modal velocities of all phonon states. It is calculated with the modal thermal conductivity 
as weighting function (Figure 27). The mean phonon velocity decreases significantly with 
increasing aluminum content because aluminum has a smaller charge than silicon, so the 
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aluminum-oxygen bond is softer than the silicon-oxygen bond. The average speed 
initially decreases with increasing temperature, because phonon branches with higher 
frequencies start contributing to the specific heat and these phonon branches tend to have 
smaller group velocities. The phonon speed starts to increase at higher temperatures 
because the Umklapp scattering term becomes stronger and it scatters high-frequency, 
low velocity phonons more strongly than the faster, lower frequency phonons. The results 
of Figure 28 show that the presence of Al atoms slow the mean phonon velocity by about 
25% from pure-silica MFI to the sample with Si/Al=26. However, the observed decrease 
in thermal conductivity (Figure 22) is also due to increased point defect scattering. We 
note from Table 3 that the point defect scattering parameter A is negligible for the pure-
SiO2 sample (but not zero since there is still a small concentration of defects such as 
missing Si atoms) [25], and that it increases sharply with Al content to an extent that 
defect scattering makes a significant contribution to the drop in conductivity at higher Al 
contents. It is important to mention that the effect of Al incorporation is stronger than that 
expected simply from the “isotope” effect (i.e., substitution of Si with Al, which has a 
slightly different atomic mass). The Al-O bonds are softer than the Si-O bonds and the 
resulting local strain would significantly impede the transfer of heat energy (i.e., serve as 
localized phonon scatterers in reciprocal space) in addition to slowing the mean phonon 
velocity. This phenomenon has also been visualized in real-space for other 





This chapter has presented a combined experimental, computational, and 
theoretical approach that leads to some new findings regarding the mechanisms of 
phonon transport in nanoporous materials. Combining 3-omega measurements with 
energy-dispersive x-ray analysis of the film composition, we obtained a first set of 
comprehensive data on thermal transport in MFI as a function of temperature and 
composition. The developed model, which incorporates information from detailed 
atomistic lattice dynamics calculations, well describes the observed behavior and strongly 
suggests that the main phonon scattering mechanism limiting the thermal conductivity of 
nanoporous crystals such as MFI is the boundary-like scattering from the pore network. 
We also find that Al incorporation significantly suppresses the thermal conductivity due 
to a combination of phonon slowing and localized phonon scattering, and not due to 
specific heat or isotope scattering effects. It is important to emphasize that the present 
approach, although approximate in the handling of the phonon scattering, still represents 
a considerable advance in measuring and modeling the thermal conductivity of zeolite 
materials. The synthesis of polycrystalline thin films with controlled compositional 
variation, thermal property measurements on these films and the current modeling 
approach together have potential to form a robust platform for understanding thermal 
transport properties in complex crystals and separating the contributions from different 
scattering processes. The important roles of boundary and defect scattering, as illustrated 
here, also imply that the thermal conductivity of these complex crystals can be tuned by 
exploiting not only the composition but also the pore structure, e.g., by the inclusion of 
molecular species in the pores. 
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CHAPTER IV 
EFFECTS OF NON-FRAMEWORK METAL CATIONS ON THE 
THERMAL TRANSPORT PROPERTIES OF ZEOLITE LTA THIN 
FILM 
 
4.1 Introduction and Objectives 
 Having employed zeolite MFI as an excellent model system to study the effects of 
changes in the framework composition on the thermal conductivity of zeolites, we now 
investigate the effects of the non-framework cations. MFI is not a good model system for 
this investigation since only limited numbers of aluminum atoms (and hence charge-
balancing metal cations) can be introduced. Rather, we choose Zeolite A (LTA) as a 
model to study the non-framework cation effects on the thermal transport properties 
while keeping the structure and composition of the zeolite framework constant.  
 
    
Figure 28: The crystal structures of (a) dehydrate sodium LTA [71] , and (b) dehydrated 
potassium exchanged LTA [72] . The structures are solved from their correspondence X-




LTA Figure 28 was the first zeolite to be synthesized. Its structure is well studied 
[71-87] LTA is face-centered-cubic (FCC), and crystallizes in Fm 3 c space group at room 
temperature. It has been previously studied that the structure of LTA zeolite changes via 
dehydration and heating [71, 73, 80]. LTA structure is built by connecting two sodalite 
cages via oxygen on the 4 member ring face. It has a unit cell parameter of 24.61 Å. The 
framework of LTA has a composition of Si/Al = 1, and hence the silicon and aluminum 
arrangement in the framework is completely alternated to obey the Loewenstein’s rule 
[88]. Aluminum has a +3 charge, thus LTA framework needs to be balance by an extra 
non-framework cation, to achieve charge neutrality. LTA zeolite is chosen because the 
effect of the non-framework cations will be much more apparent in this material than a 
high Si/Al ratio zeolite such as MFI. A unit cell of LTA contains one large cage, (α-cage) 
with a diameter of 11.4 Å, which is located in the center of its cube, and a small cage (β-
cage) with diameter of 6.6 Å at each corner of its cube. Each face of the cube has an eight 
member ring on the center, a six member ring at the boundary between α and β cages. 
Two β cages are connected via a double 4 membered ring. Thus in one unit cell, there are 
three 8-membered rings, eight 6-membered rings, and twelve 4 membered rings, and only 
the 8 membered rings are shared with neighboring cell.  
  
There are three kinds of sites available for cation exchange [71, 77, 78, 82, 84, 87, 
89, 90]. First, α-site, which is located near the center of the eight member ring, β-site, 
which is located near the center of 6 member ring, and γ site which is located near the 
center of the 4 member ring. In most of the cases, γ-site has the weakest affinity for 
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cations, and β-site has the highest affinity for cations [81, 84, 86, 87]. The location of the 
non-framework cations in the LTA zeolite depends on the type of the cations. We focus 
on three types of cations, Na+, K+, and Ca+2. In a full exchanged of sodium LTA, there 
resides 12 sodium ions, which three of the ions are located in α sites, eight ions are 
located in β sites, and one ion is located in the γ sites [87]. The same arrangement is 
observed for K-LTA. For Ca-LTA, four of Ca cations reside in the β-sites, 1 cation 
resides in the sodalite cage, and 1 cation resides in the α-sites [91]. In addition, LTA 
zeolite doped with alkali metals has been widely studied because of its physical 
properties. The changes and the movement of cations and the interaction between the 
non-framework and framework cations lead to interesting magnetic, optical, electrical 
and dielectric properties of zeolite materials [90, 92-110] .In this chapter, we study the 
thermal transport properties of LTA zeolite materials by combining systematic variation 
of non-framework cations composition and measurements of thermal conductivity using 
well-intergrown polycrystalline zeolite films. The results of these measurements will be 
critical in developing modeling approaches for understanding the effect of 
extraframework cations on thermal transport by methodologies related to those developed 
earlier for MFI.   
 
4.2. Experimental Section 
4.2.1. Synthesis and Ion Exchange of LTA Zeolite films 
 The synthesis of a continuous LTA zeolite film is more difficult than that of MFI 
zeolite because the high aluminum content inhibits the crystallization process. The 
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synthesis conditions were manipulated extensively in order to finally obtain a continous 
LTA zeolite film. The LTA zeolite nanoparticles are prepared from a clear solution with 
a composition of 4.1 (TMA)2O: 0.35 Na2O: 1 Al2O3: 3.4 SiO2: 239 H2O, as adapted from 
Boudreau et.al [34]. The tetrametylammonium hydroxide (25%) solution was purchased 
from Sigma Aldrich. Aluminum powder, microsphere (99%) and Ludox HS-40 colloidal 
silica were purchased from Sigma Aldrich. The sodium hydroxide powder was purchased 
from Fisher Scientific. The chemicals were mixed together at once to obtain a clear 
solution, and the solution was then hydrothermally synthesized at 90oC for 16 hours 
under rotation. The LTA sols were washed three times by repeated centrifugation, and 
they were diluted in water for storage.  
 
LTA zeolite films were prepared using the secondary hydrothermal method. The 
clear synthesis solution was composed of 4.1 (TMA)2O: 0.36 Na2O: 1 Al2O3: 4.4 SiO2: 
706.2 H2O. 50 g/lt of zeolite seeds in ethanol was spin-coated on the alumina substrate. 
The substrate was dried at room temperature for 4 hours. The synthesis mixture was 
hydrolyzed at room temperature to achieve a clear solution. The coated substrate was 
placed in the synthesis solution with the coated side facing downward. The hydrothermal 
synthesis was performed at 110oC for 3 days. The films were then washed with warm 
water, and they were dried at 60oC for 6 hours. The films were then calcined at 500oC for 
8 hours with a heating rate of 1oC/hour. This process was repeated twice in order to 
obtain a thicker LTA zeolite film. After, the films were obtained; the films were polished 
with SiC paper (Buehler Inc., 600/1200, 1000 and 4000 grit) at 100 rpm for 20 seconds 
each. The films were then polished with alumina polishing suspension of 0.5 micron, 0.3 
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micron and 0.05 microns. Ion exchange of the as-synthesized sodium-containing films 
with potassium or calcium ions, was performed by suspending the films vertically in 0.1 
M salt solutions containing KCl or CaCl2 at 70
oC. This process was repeated twice, and 
each time a fresh solution was used, the films were first washed with warm water to 
remove any excess chloride or salt on the surface. The schematic of the synthesis and ion-
exchange process is shown in Figure 29.  
 
 
Figure 29: Schematic of LTA zeolite film synthesis by secondary hydrothermal method 
 
4.2.2. Thin Film Characterization  
The films were characterized by XRD (PANalytical X’Pert Pro, CuKα) to verify 
the formation of zeolite A films. The film roughnesses were characterized by AFM. The 
film morphology, thicknesses, and compositions were characterized by SEM and EDS. 
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4.2.3. Thermal Conductivity Measurements 
The thermal conductivity is measured using 3-omega method, as previously 
discussed in Chapter III. In measuring the thermal conductivity of LTA zeolite, the 
zeolite film was first heated under vacuum to 450K and held overnight. This step is 
necessary to ensure the complete dehydration of LTA, which is a hydrophilic material. 
This procedure will also ensure that the thermal conductivity measurement was 
conducted on the cubic crystal of LTA. It was reported [73] that although the crystal 
structure of LTA zeolite initially changes upon evacuation and heating, the fully 
dehydrated structure returns to cubic and does not change upon further heating or cooling 
until rehydrated.  
 
4.3. Results and Discussion  
The LTA crystals in the film have a (200) out-of-plane orientation as determined 
by XRD (Figure 30). Figure 31 shows the SEM cross section and top views. As expected, 
the morphology of the films does not change upon ion exchange. The thickness of the 
LTA membrane is 10 µm after 6 days of hydrothermal synthesis. These films are thicker 
than the previously reported LTA films. This can be due to the higher synthesis 


































Figure 30: X-Ray diffraction patterns of LTA zeolite with various non-framework metal 
cations 
 
In order to fabricate a good quality heater on the film surface, the films were 
polished using procedures developed previously (Chapter III) for MFI films. The final 
thickness of the LTA films was about 3-5 microns. The composition of the films was 
investigated by EDS measurements (Table 4) taken from a number of points in the film 
cross section. All the films show an Si/Al ratio of approximately 1 within the 
experimental error. As expected, the Al/Cation ratio is about 1 for the univalent cations 
Na+ and K+, and about 2 for the bivalent cation Ca2+.  
(200) 
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Figure 31: SEM images of non-polished LTA zeolite films 
 
Table 4: LTA film composition for three non-framework cations 
 
Sample ID Si/Al Al/cation Si/cation 
Na-LTA 1.18 + 0.17 1.3 + 0.21 1.52 + 0.13 
K-LTA 1.33 + 0.15 1.27 + 0.2 1.69 + 0.28 
Ca-LTA 1.42 + 0.2 1.87 + 0.7 2.6 + 0.7 
 
 
The thermal conductivity of LTA zeolite films was obtained via the 3-omega method in a 
temperature range of 150-450 K.  The films were first heated to 450 K, followed by 
thermal conductivity measurements in vacuum. The thermal conductivity of LTA zeolite 
films (Figure 32) initially increases as the temperature increases, which mean that the 
heat capacity is dominated by the temperature dependence on thermal transport properties 
of LTA zeolite films. However, the Na-LTA thermal conductivity displays a weak 
maximum at around 340 K, unlike the thermal conductivity of MFI which continues to 
2 µm 20 µm 
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increase in the 150-450 K temperature range.  The two ion-exchanged materials both 
have lower thermal conductivities than the as-made Na-LTA and do not display a definite 
maximum in the thermal conductivity. Detailed modeling and quantitative analysis of 
these results are ongoing. However, the present data is significant in that (i) it establishes 
clearly the dependence of the thermal conductivity value on the mass and ionic strength 
of the extraframework cations, and (ii) it also indicates that the qualitative behavior of the 
thermal conductivity (specifically the temperature dependence) changes with cation mass 
and strength, due to changes in the relative contributions of specific heat, umklapp 
scattering, and boundary scattering processes.   


































This chapter presented synthesis and thermal transport measurement of LTA 
zeolite thin films. We have successfully synthesized continous zeolite LTA films and ion-
exchanged them with various metal cations, to obtain samples suitable for high-quality 
thermal conductivity measurements. The thermal transport properties of these films were 
successfully measured for the first time, using a 3-omega method. This work shows 
qualitatively that the behavior of thermal conductivity in LTA is different from that in 
zeolite MFI. Specifically, the thermal conductivity values of Na-LTA displays a 
maximum with increasing temperature. The thermal conductivity also changes 
substantially with the cation mass and valency, indicating that the relative contributions 
of specific heat, phonon dispersion, umklapp scattering and boundary scattering in a 
nanoporous material can be altered by ion exchange. Overall, this chapter provides 
reliable experimental insight into the thermal transport behavior of LTA zeolite films, 
and also supplies data which is currently being used for quantitative modeling of thermal 
transport in LTA zeolite films.  
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CHAPTER V 
CALCULATION OF THERMAL TRANSPORT PROPERTIES OF 
ZEOLITE MFI BY NON-EQUILIBRIUM MOLECULAR DYNAMICS 
SIMULATIONS 
 
5.1 Introduction and Objectives  
Thermal conductivity of solid materials can be predicted using molecular 
dynamics (MD) simulations. The thermal conductivity calculation using this approach is 
performed in real space rather than in the reciprocal space (phonon space) as is done for 
the Boltzmann transport calculation (BTE). Therefore, no prior knowledge of the nature 
of the thermal transport is required. The position-space and momentum-space trajectories 
of each atom in the system are then calculated using the Newton’s law of motion and an 
appropriate interatomic potential to describe the interactions between the atoms. 
However, it is only accurately valid for solids above their Debye temperature [40]. The 
objectives of the work described in this chapter are to develop an MD simulation code for 
thermal conductivity predictions, and to evaluate the applicability of MD simulations for 
thermal conductivity predictions in complex materials.  
 
Two common MD approaches to calculate thermal conductivity are Green Kubo 
(GK) or equilibrium MD, and the “direct” method or non-equilibrium MD. Atomistic 
simulations have been widely used in calculating thermal transport of materials. 
Significant work has been done using equilibrium molecular dynamics [43, 111-115] as 
well as non-equilibrium molecular dynamics [7, 24, 116-120] to calculate the thermal 
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conductivity of simple and complex materials. In the GK method, equilibration 
fluctuations of the heat current are analyzed to calculate the thermal conductivity. The 













      (5.1) 
 
q is the heat current vector, which is calculated from the first law of thermodynamics and 
is described as: 
 












    (5.2) 
 
Where Ei, ri, and vi, are the energy, position, and velocity vector of atom i. rij is the 
interatomic distance between atoms i and j. Fij is the interatomic force between atoms i 
and j.  
 
 The “direct method” to calculate thermal conductivity imitates experiment by 
computationally imposing a temperature gradient on the system, monitoring the resulting 




λ         (5.3) 
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In this method, heat of ∆q is added/ removed in a thin slab of thickness, d. Each particle 
velocity in the heat source/sink region is scaled by the same factor such that the resulting 
net kinetic energy is increased and decreased by ∆q. The atoms outside this thin slab are 
allowed to move according to Newton’s laws of motion. The existence of heat source and 
heat sink will increase the scattering of the phonons, which is hypothesized to result in a 
lower calculated thermal conductivity than obtained from experiments.   
  
Both methods have been used to calculate the thermal conductivity of solids. 
However, both methods were limited by the finite size effects and relatively a long 
simulation time. Che and Volz  [43, 115] stated that the thermal conductivity values 
calculated by using equilibrium MD are sensitive to the size of the simulation cell 
because the phonon mean free path can be longer than the simulation box dimension. 
However, smaller simulation cells had successfully been used to calculate the thermal 
conductivity of solids, and the results were comparable with experiment. The GK method 
gave a slow convergence of heat current which results in a long simulation time. At the 
same time, the direct method had a different limitation. In order to measure a statistically 
significant heat current, a large temperature gradients is required. The temperature 
gradients are so large that the temperature may change by 50% within a few tens of 
Angstroms. Thus, the assumption of linear response is questionable. Recently, a 
comparison of GK and “direct methods” observed that when the system size was 
extrapolated to infinite size, the thermal conductivity obtained from GK method and 
direct method gave consistent values, even though each has error bars of 20% or more 
[23]. 
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Atomistic simulation has previously been used by two groups to study the thermal 
conductivity of zeolites [7, 8]. Kaviany et al. applied equilibrium molecular dynamics 
using the GK method [7] whereas Murashov [8] used non-equilibrium molecular 
dynamics. Kaviany et al. studied the thermal conductivity of idealized pure-silica LTA 
and FAU zeolite frameworks using equilibrium molecular dynamics, and calculated the 
energy correlation functions of groups of atoms in the zeolite structure. By inspection of 
the energy correlation functions, they claimed that the lower thermal conductivity in 
zeolites such as LTA and FAU (in comparison to dense silica crystals such as quartz) is 
caused by the energy localization near specific groups of atoms and the necessity of 
circumventing the pore structure. The conclusions of this real-space MD study agree 
qualitatively with our study of phonon scattering mechanism using a reciprocal-space 
approach. On the other hand, Murashov [8] investigated the thermal conductivity of 
quartz and different types of zeolites (LTA, FAU, hypothetical pure-silica-LTA). By 
calculating the radial distribution function of the atoms in the material, Murashov 
concluded that the thermal conductivity of zeolites is determined mainly by the vibrations 
of the oxygen sublattice. The presence of cations and the substitution of silicon with 
aluminum decrease the thermal conductivity because they distort the oxygen sublattice. 
 
In this chapter, we focus our study of thermal conductivity of zeolite using non-
equilibrium MD simulations based on the method proposed by Evans [121]. This method 
is the combination of the equilibration linear response theory and non-equilibrium 
molecular dynamics. In this method, a small external force (fictitious force) is exerted on 
the entire simulation box to replace the temperature gradient as the driving force of the 
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heat current. This technique is homogeneous with no temperature gradients across the 
simulation box. The fictitious force will act on each atom depending on the difference 
between the total energy of each individual atom and the average energy of the entire 










=λ       (5.4) 
  
The detailed algorithm of this method will be discussed in the next section.  We will 
calculate the thermal conductivity of MFI zeolite as a function of temperature, and 




 As mentioned in the previous section, in this algorithm, a ficitious force is applied 
on the entire simulation system to replace the temperature gradients, thus the simulation 
temperature is uniform across the simulation box. Evans proposed that the equation of 
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Where Fi is the force acting on atom i. Fe is the ficitious force, Fij is the force between 
atom i and j. α is the Nose-Hoover thermostat parameter. Ei is the total energy of atom i, 
and E is the instantaneous average energy per atom, which is the sum of kinetic energy 
























      (5.7) 
 
The second term of the equation (5.6) determines the heat current. An atom which has an 
energy greater than the average energy will move in the direction of the fictitious force 
(Fe), while an atom with a lower energy than the average energy will move in the 
opposite direction than Fe.  
 
The Hamiltonian of such system can still be described as the total kinetic and 
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If the total momentum of the system is conserved, the change in the Hamiltonian is 
described as:  
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&   (5.9) 
 
As previously mentioned, the heat flux is derived from the first law of thermodynamics is 
described as in equation (5.2), thus the change in the Hamiltonian depends on the flux of 
the particles/atoms in the system, which depends on the fictitious force applied to the 
system.   
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Thus, the thermal conductivity is defined as the ratio of the average heat flux to the 
product of the temperature and the magnitude of the fictitious force at the limit of t goes 
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Figure 33:  Non-equilibrium molecular dynamics algorithm to calculate thermal 
conductivity using Gear predictor-corrector integration. 
 
5.2.2 Simulation code 
 The code was written in FORTRAN, and the detailed algorithm is presented in 
Figure 33. The equations of motions were solved using the Gear predictor-corrector 
algorithm. The initial positions of the atoms were obtained from published crystal 
Positions of each atom are input 
Velocities of each atom are inputted 
using Gaussian distribution function 
at t=0  
calculate: - total force 
                - Nose Hoover parameter 
Calculate and write heat flux 
Update position of each atom 
Predict velocity  
Calculate: - total force 
                 - energy 
                 - Nose-Hoover parameter 




Calculate Nose Hoover parameter 
Calculate Energy and Force 
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structure data. The initial velocity of each atom was assigned randomly from a Gaussian 
distribution function. Parallelization of the code has been implemented using MPI 
directives. The total force, and the average heat flux, is calculated and output. The Nose-
Hoover thermostat was used to control the temperature of the simulation. These steps are 
repeated until the total simulation time is reached.  
 
5.2.3. Code Validation  
 Solid argon was used as a simple model material to test and debug the code.  The 
non-bonded interatomic interactions between the argon atoms are described by the 



































ε       (5.14) 
 
where Uij is the potential energy between atom i and j. ε is the depth of the potential 
energy well. σ is the equilibrium distance between atom i and j, and rij is the actual 
distance between atom i and j.   The Lennard-Jones parameters are 3.4 10-10 m for σ, and 
1.67 10-21 Joule for ε. The simulation was conducted in the NVT (constant mass, volume 




 Prior to collecting production data, the Nose-Hoover thermostat parameter was 








=α ,        (5.15) 
 
wherein dt is the integration time step in the simulation, N is the number of atoms in the 
simulation, T is the simulation temperature, and tdec is the characteristic decay time, 
which is optimized. The value of tdec was systematically varied and the thermal 
conductivity values were computed for each case until the thermal conductivity values 
did not change any further (e.g., Figure 34). This establishes the optimal value of the 
Nose-Hoover parameter. Specifically, a decay time of 100 ps was chosen because it gives 
the most reliable results. Please see Appendix A for the correlation between heat flux 
convergence and the decay time.  
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Figure 34: The thermal conductivity of solid argon at 86.5 K as a function of decay time 
and the fictitious force. 
 
The test simulations were conducted in all three lattice direction (a, b, and c 
directions) at the triple point temperature (T = 86.5 K), and the results were compared to 
the literature values.  The simulation box is cubic with a total of 108 argon atoms.  In the 
beginning of the simulation, the structure was first equilibrated by conducting the 
simulation without applying the external force.  After 40 ps, the external force was 
applied to the system, and the average heat flux was collected for every output time step. 
The thermal conductivity for each external force was obtained by averaging the average 
heat flux over time as the average heat flux became stable (from 80 ps to 125 ps), see 
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Figure 35. The thermal conductivity was plotted as a function of external force, and the 
thermal conductivity values for very small external forces were averaged out to eliminate 































Figure 35: Heat Flux of Argon in the a-direction at triple point simulation 
 
 
 Before using the code to perform calculations on MFI, it was further validated by 
testing it on quartz, a much simpler material with the same chemical composition (SiO2) 
as pure-silica MFI. This test would also be helpful in testing the quality of the force field, 
since we used the same force field for both quartz and MFI. In the case of quartz, we used 
a simulation box with 243 atoms. The interactions were modeled using the Beest-

















  (5.16) 
 
The first term contains the long range electrostatic interaction between the effective 
charges on atom i and j and on species α, which was described using Wolfe electrostatic. 
The second term contains the short range non-bonded interaction between atom i and j.   
Those parameters are presented in Table 5.  
 
Table 5: Force field parameters [51] 
αi-αj Aαi-αj bαi-αj Cαi-αj qα 
 (eV) (Å-1) (eV Å6)  
O-O 444.7686 2.48513 0 qO = -1.1 




The electrostatic interaction is described using the Wolf method [122]. In this method, 










≅        (5.17) 
 
where α is the damping parameter, and is chosen so that the long-range many-body 
Coulomb summation can be replaced by a short-range term as given above. As previously 
determined [122], the α value is chosen to be 4/L where L is the size of the simulation 
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box. The simulation was conducted with the simulation time step of 0.5 fs for a total 
simulation time of 200 ps. The system was first equilibrated for 50 ps. The heat flux was 
averaged out from the time of 100 ps to 200 ps, which is shown the stability (Figure 36). 
NVT ensemble was applied, and the thermal conductivity was calculated at temperature 
equal to 300 K in the a-direction.  




























Figure 36: The average heat flux of quartz for different fictitious forces. 
 
 The calculation of thermal conductivity of MFI was then performed, using the 
KBS force field. The MFI structure was first energy-optimized. The simulation was 
conducted on one unit cell because the system was large; the number of atoms in one 
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simulation box is 288 atoms. The minimized structure was then equilibrated for 50 ps, 
and the simulation was conducted for a total of 200 ps. The simulation time step was 20 
fs. The thermal conductivity for each external force was obtained by averaging the 
































Figure 37: Average heat fluxes of (002) MFI at 300K calculated by NEMD with 





5.3. Results and Discussion  
           The thermal conductivity of argon as a function of external force is shown in 
Figure 38. The thermal conductivity at low external forces has large error, due to the 
relatively small magnitude of the external force term relative to the thermal fluctuations. 
Thus, the thermal conductivity is obtained by averaging out the values calculated below 
an external force of 0.08 Å-1. The thermal conductivities of argon in all lattice directions 
are presented in  
 
 
Table 6. The thermal conductivity showed good agreement with literature data, thus 
validating the nonequilibrium molecular dynamics algorithm. 












































(W/m/K) % error 
a-direction 0.118 0.005 0.13 -9.367 
b-direction 0.121 0.004 0.13 -6.679 




Furthermore, the thermal conductivities of Argon at several other temperatures 
were calculated, and the results are shown below inFigure 39. As can be seen, there is 
excellent agreement of the results with previously reported experimental values for the 




Figure 39: Thermal conductivity of solid argon at temperature of 20, 50, 70, and 86.5 K. 
The literature thermal conductivity values were obtained from [116, 123] 
 
 
The calculated thermal conductivity of quartz in the a-direction was also shown to 
be in agreement with the experiment data. The thermal conductivity of quartz as a 
function of fictitious force in the a-direction is shown in Figure 40. The thermal 
conductivity is obtained by averaging the results from Fe= 0.003 Å
-1 to Fe = 0.03 Å
-1. The 
thermal conductivity was evaluated for various temperatures, and they were compared to 
experimental data from the literature. Figure 41shows excellent agreement between the 
calculated thermal conductivity from NEMD and the experimental data within the error 
bar of the simulations. This also shows that the force field accurately predicts the 
interatomic interactions in quartz, and thus also in pure-silica MFI zeolite.  
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 350 K 
 
Figure 40: The thermal conductivity of quartz in a-direction at various temperatures, and 



























Figure 41: The thermal conductivity of quartz as a function of temperature, comparison 
between the NEMD simulation (this work) and experiment values [124] 
 
The thermal conductivity of MFI in the c-direction is presented in Figure 42. The 
conductivity was obtained by taking the average of results obtained using external forces 
between 0.008 Å-1 and 0.07 Å-1. The calculated thermal conductivity at 298 K is 2.58 + 
0.55 W/m/K, which is not in good agreement with our experimental result (1.02 W/m/K). 
The (101) direction thermal conductivity of pure-silica MFI was also investigated. The 
thermal conductivity was calculated at three temperatures in order to compare to the 
experimental data. The thermal conductivity was obtained by applying external force in 
 87 
(101) direction. The heat flux in (101) was obtained (Figure 43)(Figure 43) from the 
computed heat fluxes in a-direction and c-direction for each output time step: 
222
QzQxQ JJJ +=        (5.17) 
 
 





























































Figure 43: Heat flux in (101) direction of pure-silica MFI at 298 K 
 
 
The thermal conductivity (Figure 44) increases as the temperature decreases, 
which was not observed in the experiments. This phenomenon can be due to the fact that 
classical MD simulation (which assumes Maxwell-Boltzmann statistics) cannot capture 
the quantum statistical effects of phonon propagation, specifically the Bose-Einstein 
statistics of the phonons. Similarly, Kaviany [125] observed that in a simple Lennard-
Jones system, the transverse phonon polarization behaves differently at low and high 
temperatures, and that the longitudinal and transverse relaxations became similar at high 
temperature as expected for a system obeying Maxwell-Boltzmann statistics. While these 
effects are relatively unimportant in simple materials such as argon and quartz (which 
have only a few unique phonon branches in their unit cells), they can be quite important 
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for complex materials such as MFI which have a large number of phonon branches. The 
simulation cell size can also affect the calculated thermal conductivity. Zeolites have 
large unit cells (e.g., MFI has 288 atoms in one unit cell), therefore increasing the size of 
the simulation cell and requiring a larger computational time for full convergence of the 
heat flux. Furthermore, the previous analysis has revealed the small mean free path (~ 5 
nm) for boundary scattering of phonons from the pore network in MFI. Thus, the 
simulation cell may not be large enough to accurately represent the boundary scattering 
contributions.   
 



























In this chapter, we have described a molecular simulation method adapted from 
Evans to calculate the thermal conductivity of solids. We have built a simulation code 
that is capable of evaluating the thermal conductivity of simple materials. The thermal 
conductivity of both argon and quartz were calculated and showed agreement with the 
experiment values. The thermal conductivity of pure-silica MFI zeolite was also 
calculated. MD simulations, however, could not predict the thermal conductivity in the 
(101) silicalite MFI as a function of temperature, we suspect that this is due to the 
following factors (1-3 being the primary factors, whereas 4 and 5 are likely of a 
secondary nature): 
 
1. The quantum statistical (Bose-Einstein) properties of the phonons, as opposed 
to Maxwell-Boltzmann behavior assumed in classical MD. 
2. The finite simulation cell size effects on the heat flux convergence. 
3. The finite simulation cell size effects on capturing the phonon scattering 
events. 
4. Possible deficiencies in the force field. 
5. Assumption of perfect crystal lattices with no defects.  
 
In the light of the above factors, we believe that MD-based computational results 
on thermal conduction in zeolites and complex materials in general, should be interpreted 
with caution. We therefore currently believe that the combined experimental-BTE 
approach described in previous chapters offers a more tractable alternative for describing 
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thermal conduction in such materials. However, our results corroborate the utility of 
classical MD for predicting the thermal properties of simpler materials with few phonon 
branches and which are close to (or above) their Debye temperature so that classical 
statistics provides a good approximation of the phonon behavior.    
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CHAPTER 6 
 CONCLUSIONS AND RECOMMENDATIONS FOR  
FUTURE WORK 
 
6.1 Summary of Current Work 
We have focused our study on thermal transport properties of zeolite materials 
because these materials have a complex but yet well defined structures.  In addition, the 
framework and non-framework composition can be altered, which allow the study of 
thermal transport mechanism in molecular scale. We chose two types of zeolites, MFI 
and LTA, which have been widely used. We have studied both by experiment and 
simulation – the heat transport properties of these materials. Both the effect of framework 
atom substitutions and non-framework cations on the thermal transport mechanisms were 
investigated using MFI zeolite and LTA zeolite respectively. We found that the main 
phonon scattering mechanism limiting the thermal conductivity of nanoporous crystals 
such as MFI is the boundary-like scattering from the pore network. We also find that Al 
incorporation significantly suppresses the thermal conductivity due to a combination of 
phonon slowing and localized phonon scattering, and not due to specific heat or isotope 
scattering effects. It is important to emphasize that the present approach, although 
approximate in the handling of the phonon scattering, still represents a considerable 
advance in measuring and modeling the thermal conductivity of zeolite materials. 
 
We have also seen, using zeolite LTA as our second model system, that the 
balance of specific heat, phonon dispersion, umklapp scattering, and boundary scattering 
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can be altered significantly by introducing non framework metal cations with different 
ionic strengths and masses. We found that the thermal conductivity values of LTA zeolite 
films decrease as the cation mass and strength increase. Also, the thermal conductivity of 
Na-LTA zeolite films showed a maximum as a function of temperature. These interesting 
and novel observations are now being investigated further by quantitative modeling to 
better understand the phonon scattering mechanisms operating in zeolite LTA and to 
compare it with the behavior observed in zeolite MFI.  
 
Overall, we have made substantial progress in developing a robust framework for 
measuring, understanding, and modeling thermal transport phenomena in complex 
crystals, and in separating the mechanistic contributions from different phonon scattering 
processes. The important roles of boundary and defect scattering, as illustrated by the 
present work, also imply that the thermal conductivity of these complex crystals can be 
tuned by exploiting not only the composition but also the pore structure.  
 
We have also investigated the simulation of thermal conductivity using non-
equilibrium MD. We find that even though MD simulation can be used to accurately 
predict the thermal conductivity of simple Lennard-Jones solids such as argon, and dense 
silicates of simple structure such as quartz, there is considerable doubt whether it can be  
used to accurately calculate the thermal transport properties of complex materials such as 
zeolites. Several reasons for this problem have been suggested, including the existence of 
quantum statistical effects, system size limitations, and assumptions of defect-free 
structural models.  
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6.2 Recommendations for Future Work 
6.2.1 Quantitative Analysis of Thermal Conductivity of LTA Zeolite Films 
 As presented in Chapter 4, the thermal conductivity of LTA zeolite films is indeed 
affected by the non-framework metal cations for reasons explained qualitatively earlier in 
this thesis. In order to quantitatively analyze these phenomena, a detailed phonon 
scattering mechanistic analysis needs to be conducted, in a manner similar to that 
conducted for zeolite MFI. As part of the collaboration with A. Greenstein in the School 
of Mechanical Engineering, the phonon dispersion behavior of LTA zeolite materials are 
being calculated using lattice dynamics, and their thermal conductivity behavior is being 
modeled by means of the Boltzmann transport equation. The boundary scattering, 
umklapp scattering, specific heat contribution, and phonon dispersion effects are being 
incorporated. The ongoing work is expected to result in the desired quantitative insights 
into the effects of extra-framework cations.    
 
6.2.2 The Effects of Inclusion of Organic Molecules in Zeolite Pores 
 As shown in this thesis, the thermal transport properties of zeolites are strongly 
influenced by the zeolite pore network. One of the ways of tuning the properties of the 
pore network is by inclusion of metal cations (Chapter 4). However, this can also be 
accomplished by the inclusion of organic molecules in the pores. The inclusion of organic 
molecules in zeolite is well-studied [126-129]. Several researches have shown that 
inclusion of organic molecules in zeolite pores can create nonlinear optical properties 
which are dramatically different from either the host or the guest molecules properties 
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[128]. The wide variety of the zeolite pore structure, size, shape, and framework charge 
density allows the zeolite host to be matched with the organic molecules. This means that 
the interaction between the guest-guest molecules and guest molecule- host framework 
can also be tuned [127]. We have made preliminary investigations of the effect of 
inclusion of tetrapropylammonium bromide, which is the organic template for MFI 
zeolite synthesis. Our measurements show an increase in the thermal conductivity of 
zeolite (Figure 45) when it is uncalcined and therefore includes the organic template in 
the pore structure.  The increase in the thermal conductivity can be due to various factors 
such as the interaction between the framework and the guest molecules thus increasing 
the phonon velocity, or changes in the specific heat of the material.   
 
The effects of organic species included inside the pore network is thus an 
interesting subject for future work. In particular, it could provide a method for tuning the 
thermal conductivity of porous materials. Furthermore, it poses interesting theoretical 
challenges in describing phonon scattering mechanisms. Currently available theoretical 
expressions for phonon scattering from localized sites contain a number of assumptions 
that are likely not valid in describing the interaction of organic molecules with the 






































Figure 45: Comparison of thermal transport properties of calcined and uncalcined MFI 
zeolite [6].  
 
6.2.3 Thermal Conductivity Measurements using a Photoacoustic Method 
 Although our thermal conductivity measurements using 3-omega method 
provided a set of high-quality thermal conductivity data, the method is still rather 
laborious and sensitive to a number of experimental conditions. The surface roughness of 
the film plays an important role in obtaining a good heater deposition, and thus ensuring a 





Figure 46: Schematic of photoacoustic system for measuring thermal conductivity. A 
laser and mechanical chopper provide a pulsed source to thermally excite the sample. The 
photoacoustic response transferred by the gas (e.g., helium) in the sapphire chamber 
above the sample, is detected by a microphone and analyzed with a simple heat transfer 
model of the gas. The sample temperature can be controlled up to about 700 K, and the 
microphone is water- cooled. 
 
 
considered in order to measure the thermal conductivity of semiconductor materials [130-
135]. This method will be considerably simpler than 3-omega methods because, the 
surface morphology of the film does not affect the photoacoustic signal. The 
photoacoustic technique has previously been studied in our group to non-invasively 
measure the concentration profile of MFI zeolite [136, 137]. These studies have shown 
that MFI zeolite gives a high photoacoustic signal-to-noise ratio. We have designed, and 
Amplifier and  
Signal Processor 
Microphone and pre-amp 
Laser 
Mechanical chopper  
(5 Hz – 20 kHz) 
Water-cooled jacket 




partially built, a photoacoustic system to measure the thermal conductivity of thin films 
(Figure 46). The system is currently designed to measure the thin film thermal 
conductivity from room temperature to about 450K. Future work would consist of fully 
operationalizing the system and using it to perform thermal transport measurements 
under a variety of conditions.  
 
6.2.4 Thermal Conductivity Calculation Using Non-Equilibrium Molecular Dynamics 
Simulation 
As presented in Chapter 5, the non-equilibrium molecular dynamics can 
accurately predict the thermal conductivity of simple materials such as Argon and Quartz. 
However, this method has possibly failed to correctly predict the thermal conductivity of 
MFI zeolite. As described in the previous chapter, the phonons followed Bose-Einstein 
distribution, while in classical MD; the momentum follows the Maxwell-Boltzmann 
distribution. Thus, classical MD cannot predict the temperature dependence on the 
specific heat and thermal conductivity accurately.  Accounting the quantum effects in the 
MD simulations is currently not practical. In fact, the idea of classical MD simulations is 
to ignore the quantum effects and thus save computational time. Therefore, several 
authors have addressed this issue by mapping the classical MD results on to an equivalent 
quantum system [138]. This method could be explored further in the future.  
Finally, one of the important parameters in this NEMD method is the choice of 
the fictitious force. One issue that has not been studied in detail in this thesis pertains to 
the limit of fictitious force values that are require to obtain correct thermal conductivity 
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values. This issue can possibly be addressed in a manner similar to that employed in the 
Parinello-Rahman molecular dynamics method (PRMD) [139].  PRMD is usually used to 
investigate phase transitions, mechanical behavior of solids, elastic constants, and 
materials compressibility. In PRMD, the shape, volume and orientation of the simulation 
cell are treated as variables, and the materials properties are calculated from the sampled 
fluctuations of thermodynamic functions. A detailed algorithm for this method can be 
found in [140].  Previous studies have found that the thermodynamic convergence in 
PRMD depends on the appropriate choice of the cell mass. This cell mass parameter is 
comparable to the fictitious force used in this thesis, and hence it may be possible to 















APPENDIX A  
The detailed MD simulation data for Argon at 86.5 K are presented below. The effect of 
the decay time on the heat flux was observed. The simulation was conducted on a cell 
with 108 Argon atoms.  
 
 Decay time = 0.02 ps 
 
 













Decay time = 0.05 ps 
 
Figure 48: The calculated heat flux of solid argon with the Nose-Hoover parameter of 
0.05ps 
 
Decay time = 100 ps 
 
 





The thermal conductivity of solid Argon was calculated at temperatures of 20K, 
50K, and 70K. The thermal conductivity responses as a function of fictitious force are 
presented in this appendix. The calculated heat fluxes are also presented.   
 
 
Figure 50: Thermal conductivity of solid argon (108 atoms) as a function of fictitious 


















T = 20K 
 
Figure 51: The calculated heat flux of solid argon at 20K 
 
 
T  = 50K 
 




T = 70K 
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